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I. JNTICDXTIOH 


1.1 0«nT«l Infomction 

A solAr bcatine and cooling aystaa baalcalljr utilizaa a 
aolar anargy coUactor, a largo rosanroir or watar tank for tharaal 
anargy atoraga, boat azcbangars for apaca boating and watar boating, 
and nomlly an abaorption cycla air condltionar for apaco cooling. 

Tho watar in tha ayatan la aubjact to taagiaraturaa in tba 
approzlnata rango of 200OF In addition, tho aatallic con* 

atruction oatariala aro conpoaad of both aluminim and ataal with 
poaaibly aaiall anc/unta of coppar. Tho difforant oatariala, tha 
high oparating toBT>araturoa, and naturally tha daaira for long, 
naintananco*froa oparation liocaaaitata analyzing tha ayatan for 
poaaibla corroaion problona. Ono way to odnlmiza corroelon pro- 
blooB la to add an inhibitor to tha watar. 

An inhibitor ia aijf)ly a aubatanco which whan addad In a nor* 
nally anall anount to a corroaira aolutlon roducaa or alininatas 
corroaion problona in a ayatan. 

A atudy waa bagun in tbia area and ia continuing with vary good 
raaulta undor National Aaroiiautica and Spaca Adniniatratlon 

Contract No. NSG*8025* Tba raaulta praaontod in tbia raport aro 
through April 1977. Tha grant baa boon rafundod and tha atudlaa 

will ba coBg>laMd by April 1978. 

1.2 Objactiva and Scopa • 

Tha objaetira of’thia raaaarch proposal ia to continuo tba praaant 
atudlaa In Inhibitor analyaia for a' solar syatom. Tha continuing work 


to b« dona will bat 


1. Rathar than running a 7-da/ tast on aach inhibitor, ran an 
axtandad tast. That is, basad upon tha rasults oi* tha initial 
7-da/ tasts, salact tha bast inhibitors and run axtansiva 
tasts (possibl/ as lon^ as 6 nonths). 

2. Tast othar inhibitors which na/ possibl/ work. Thasa nay ba 
inhibitors wa davalop, soma possibl/ suggastad b/ NASA, or 
othar sonmarcial grades wa think warrant tasting. 

3. Parform an aconondc avaluation of tha ^cost of tha tasted 
inhibitors. 
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II. TUADRT 

2.1 Baaie Corroeion Th«ory 

Corrofxon if dafinad aa "tha dagradation of a aatarial with 
rasultant raduction in uaafulnasa aa far aa application ia concamad, 
bacauaa of iiiadrartant aachanical, cnanicalf or alactro-chaBdcal 
action or a confaination of thaaa." 

Thara ara ai^iit basic foma of corrosion. Thay ara galvanic 
corrosion, cravica corrosion, arosion corrosion, atraaa corrosion, 
unifom corrosion, intargranu'ar corroai'^n, pitting corrosion, and 
salaetiTS laaching. 

Oalvanic corrosion is a form of corrosion basad on alactro- 
chanical actions. It occurs whan dissimilar oatals or alloys ara 
in contact with ona anothar . Such galvanic couplas craata a dif- 
faranca of potantial batwaan tha diffarant araas of tha structurs. 

Tha graatar tha diffaranca in potantials, tha mora savara tha 
corrosion. 

Cravica corrosion is intansa locallzad corrosion causad by a 
shlaldad stagnant condition. This form of corrosion may occur if 
oxygen ia available at soma locations on the natal and is absent 
or used up in other localities. Cravicas, joints, dead spots, or 
tha bottoms of corrosion pits are i>r.rtlculsrly syscaptibla to this 
form of attack bocausa,awn if air is present and tha electrolyte 
is stirred, oxygen can only reach such placas by slow diffusion. 

In a cravica or other region of iag>arfaet mixing, whara thara is 
an insufficient supply of air, only tha anodic reaction takas place 
and the matsl corrodes. Away from the cravica, whara air is more 
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readily aeailabla; anodic and cathodic raactiona taka place and a 
fila ia foraad. 

Sroaion corrosion is an accelerated rate of deter. oration or 
attack of a aatal because of relative aoreasnt between a corrosive 
aadiua and a metal surface. Brosion corrosion usiially occurs in 
a pipe carrying a corrosive fluid at a vary high Reynolds Nuaber 
( turbulent flow) . It can also occur in pipes which carry corrosive 
fluids at laainar flow speeds, but have sharp bends. The bends will 
cause turbulent conditions thus increasing the chance of erosion 
corrosion. 

Stress corrosion is the acceleration of corrosion caused by the 
presence of an internal or external stress and a corrosive aediua. 
This type of corrosion is found a great deal in cold>workad aatarial 
where the distortion at the slip planes produced by the cold working 
causes accelerated precipitation and therefore a depletion of the 
solid solution of the alloy. When it occurs, normally the stress 
is below the yield strength. 

Intergranular corrosion occurs in alloys where there is a 
potential difference between the grain boundary and the center of 
the grain. It is characterised by a localized attack between the 
grain boundaries with little coznrosion damage to 4 m grains the^ 
selves. It is connonly found in austenitic stainless steels 
( sensitisation) . 

Pitting corrosion ocoirs when heterogene ties are present in 
the metal. Because of the difference in potential between the 
dlff arent points on the surface of the alloy, some of them corrode 
faster thus protecting the remaining areas and giving the surface 
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■ pitted app«aranc«. It alao occurs in Mtala protactad by ozlda 
filn whan a braak or scratch occurs in tha ilia causing a largo 
cathoda and n snail anode effect. 

Uniform corrosion is the nost conmn type of corrosion. It 
takes place when the natal is coo|)lataly homogeneous. Tha surface 
of the metal is erenly corroded and continues to dissolTo, layer 
by layer. 

Selective leaching is tha selective reno^l of one elensnt 
from a solid alloy by a corrosion process. Sons forsa of selective 
leaching are desincification, the removal of zinc fron brasses, and 
daitickelfication, tha removal of nickel frou stainleaa steels or 
other nickel alloys. 

2.2 Potential Corroaion Mechanisns in a Solar System 

Of tha eight forna of corrosion, there are three that 
will lead to corroaion problens in a solar heating and cooling 
system. They are uxOfora corrosion, galvanic corroaion because 
of tha, coupling of dlselnllar astala, and pitting or crevice corrosion 
because the copper nay dissolve in the solution and sat up local* 
ized corrosion calls (anodes) on tha aluminum panels. Eroaion 
corrosion has not bean a problem due to the low flow rates in the 
solar system. 
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Ill . OORROSICN TEST SYSTEM AKO OPERATION 




Corrosion tsst results are onl" e;; sccurste ss the test system 
and procedures user* to sinulste the actual system. To produce 
useable results, the test system oust duplicate as closely as possible 
the operation of the actual system. Further, the test procedure must 
be Identical from test to test so that reproduceable results can be 
obtained. It Is the author's opinion that the test system used and 
procedure followed do closely approximate an actual solar heatinj 
and cooling system. 

3.1 Test Apparatus 

In the test simulation of a solar heating and cooling system, 
a cartridge hea ter enclosed by an alusilnum test coupon Is used to 
simulate the solar panels. The alusdnum tubing Is 1130 series which 
Is the same type used in the N/«SA panels. The cartridge heater 
which fit snugly In the tube provided the heat to the aluminum 
similar to the way the sun heats the actual solar panels. The cart- 
ridge heater and aluminum tube t-Jt coupon are than seated In a glass 
Jacket. This glass Jacket with inlet and exit spouts Is mounted at 
a slight angle with the outlet spout on the high side. In the test 
system, the cartridge heater heats the alusdnum which in turns heats 
the fluid. This is the same type phenomenon which occurs in an actual 
solar system. The sun's radiant energy beats the panels which in turn 
heat the fluid. 

The storage basin is a li liter beaker which provides the fluid 
storage reservoir. The storage basin natal in the actual solar system 
is represented by a small piece of mild steel test coupon. The steel 
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to alunlnuN ar«« ratio la approxlMtaly lilO. Tha galvanic couplln.: 
of tha aluaiinun solat panala to tha nlld ataal atoraga raaan' Iv that 
axiata in ah actual aolar ayatam la accoaf^Ilahad by a corr*t* •'Ira 
attachad to both tha aluminum taat coupon aa wall aa tha ataal taat 
coupon. Uaing a coppar vlra alao almulataa poaaibla uaa of coppar 
Jolnta in tha plumbing of an actual aolar ayatam. 

Tha flow in tha ayatam la acconpliahad by a natalaaa ( thara ara 
no matal puiif> conf>onanta) pump. Tha flow rata la 50 ml par minuta. 

Tha purr bagina flowing at tha aaroa tima aa tha cartridga haatar bagina 
haating. Thay both run for 9 houra par day which ia tha approximata 
tina that aun anergy haata tha panala in an actual aolar ayatam. Tha 
raaarvoir which containa 3 litara of taat aolution (taat aolution ia 
covarad in saction 3.2) ia maintainad at tanr«ratura whan tha cart* 
ridga haatar ian't haati.ng by a calibratad hot plata. Powar to both 
tha hot Plata and to tha cartridga haatara ia providad through variaca. 
Thia allowa cloaar tanraratura control. Tha baaa tanraratura in tha 
atoraga baain ia alwaya maintainad at a odnimum 160^F ( S?^) and onca 
tha cartridga haatar ia turnad on, tha tanraratura incrjaaaa to 200°F 
(93%) ataady atata for day tina operation. Tha entire ayatam ia 
cloaad aa ia tha caaa in an actual aolar ayatam. Tha ayatam ia on an 
electrical tinar and tha variac power ia turnad off and on by ralaya. 

A liat of major coBf>onants and a ayatam achamatic ara included in tha 
appendix. 

3.2 Teat Solution 

Water coaroaition variaa from location to location. Bacauaa of 
thia and in tha intaraat of raproducaability, a aynthatic water ia 
uaad for taating. Tha water ia made in tha lab under cloaa tolarancaa 
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ro that tha chemical composition will r.ot vary from tast to tast. 

Tha s^oithatic watar is mads by adding tha following to distilled water. 

330 mg/1 CaClg 

100 mg/1 Mg3D|^ 

2 $ mg/1 NaCl 

100 ng/1 Na2?3^ 

75 P«/l NaHCC^ 

To this synthetic water the correct proportions of various inhibitors 
were added. 

3.3 Test Procedure 

Care was taken so that all tests were conducted as nearly identical 
as possible. The procedure is as follows: 

1. Sanrle preparation 

a. The aluminuir. ana steel test coupons are sanded with 120 
jrit emory paper. They are than washed and air dried. 

b. The area of the alusiinum and steel test coupons were con^ 
puted to the nearest 0.001 square inch. 

c. The aluBdnum and steel test coupons are degreased with 
acetone . 

d. The aluminum and steel test coupons are each weighed to an 
accuracy of 0.01 mg. 

e. The coupons are placed in a dessicator until the test is 
to begin. 

2. Test solution preparation 

a. Tha chemicals used to add to the distilled water were 
weighed to an accuracy of 0.01 mg. 
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b. The chanicals w«r« than addad to tha thraa litars oi' 
distlllad watar. 

c. Tha corract apount of inhibitor was maasurad and addad to 
tha synthatic watar. 

3. 3at up all a’>paratu8 and tast sanfilaa as shown in tha schamatic 
of tha systam in tha appandlx. 

U. Tha tast solution is addad to tha storaga basin. Tha spacial 
top is than saalad on tha baakar. 

5. All connactions ara saalad to closa tha systam. 

6. Tha alactricity to tha systam is tumad on. Tha tast is 
monitorad, but tha antira tast is controlled through tinars, 
ralays, and variacs. 

7. Tha tast is continuad for the dasirad tast tims. 

S. Tha aluminum and staal tast coupons ara ramovad from the 
system and claenad. Cleaning is performed with mild soap 
and a toothbrush. They are than dried and placed in tha 
dassicator. 

9. ''ha following day tha tast coupons ara again cleaned by tha 
same method outlined in number 8. 

10. Tha tast coupons ara again weighed in order to ba able to 
coBf)uta tha weight lost by tha coupons during tha tast. 

11. Tha corrosion rate is than conputad with tha following 
aquation. 

Corrosion Rata ■ ^ ^ 

D X A X T 

where W ■ Weight loss in mg 

A ■ Exposed area in square inches 
D • Oaneity in grams per cubic cantimatar 
T * Test time in hours 

By using this aquation, the corroaion rata is coBf>uted in 
mils par year. 


i 


I 


10 . 


12. The entire system is cleaned and flushed with distilled water, 
then allowed to dry. 

13« The pump is flashed with distilled water and the flowrate 
checked so that it is still operating at 50 ml per minute. 
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IV. iUi:iULTS 


I4.I .'ihort Tarm Twatjnj 

All Inhibitors not«d In tha inhibitor survay conductad In tha 
first filial raport on tha rasaarch wara tastad. All short tarm t.aat« 
ini; consisted of 7-day tests. Tha bast test results ware 

obtained from Hercules' Z'A u08 (Southern Test No. 10), Pro-Cham's 7131 
(Southern Test No. 22), .1 special innibitor davalopad by Oanaral 
Motors (Southern Test No. 29) • and sodium chromate (Southern Test 
No. 2d). The bast overall parformanca was achieved by usin^ 100(. ppm 
of sodium chromate. In 7-day tasting, there was zero corrosion noted 
on tha aluminum and only a 0.65 n^y corrosion rata noted on tha steal. 

All short tarm test results and long tarm test results are 
shown in Table 1. 

U.2 Long Term Teats 

Five 60-day tests wara conducted. The inhibitors tasted wara: 

(1) a control with no inhibitor (Southern Test No. 26), (2) Hercules' 
CR liOd (Southern Test No. 25), (3) Sodium Chromate (Southern Test 
No. 30), (li) Hercules' CR U08 (Southern Test No. 32), and (5) The 
inhibitor developed by General Motors (Southern Test No. 33). 

Longer testing resulted in a pitting or cravic? type of attack. 
This severe attack did not occur in tha short testing due to 

the short test duration. It occurred in all inhibitors tested except 
the sodium chromate. It is anticipated that the pitting cr crevice 
attack can be reduced by varying tha concentrations of the inhibitors. 
Howsvar, testing to date indicates that tha sodium chromate is the 
best inhibitor tested. There was no crevice or pitting attack and 



t.h« overall corroaion rata was 0.12 nf>y for the aluRinun and 1.77 
for the steal. Lon^ term test results are included in Table 1. 

U.J aconoiaic Analysis of the Tested Inhibitors 

An econoRic analysis of the tasted inhibitors was performed. The 
data includes each inhibitor's unit cost, concentration tested, amount 
required for a ^OCX) t;sllon ay'jim,ind the cost for inhibiting a 
5000 gallon system. Data was supplied by the conf)anias and are 
supposed to reflect the retail cost. All data is compiled in Table 2. 


Al. Steel 

Concentration Corrosion Corrosion 

Test No. Inhibitor (ppm) Itonufacturer (itp'y) (npy) 



CORROSION TEST RESULTS FOR A SOLAR HEATING AND COOLING SYSTEM 




































































TAS «. 1 (Continuted) 
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1000 ppm Sodium Nitrate 2000 ppm Sodium Phosphate 2500 ppm Sodium MET 

3000 ppm Sodium Borate 1000 ppm Sodium Silicate 1000 ppm Sodium Kydroxice 











































































































V. CCNCLUSICNS 


Th« following list of conclusions ar« in tha author's opinion 
the significant findings to date. 

1. Thera appear to be conanarcially available inhibitors that can 
adequately protect a solar heating and cooling system from 
corrosive attack. 

2. The test system designed to simulate a solar heating and 
cooling system works vary well and very closely aoproximatas 
an actual solar system. 

3. Without using an inhibitor, the corrosion rate was found to 
be approximately 6.3 nils per year for aluminum and 22.7 nils 
per year for steal. 

U. Tha best inhibitor found in tha short term testing (7«day 
tests) was sodium chromate. There was zero corrosion notod 
on tha aluminum and only a 0.65 vpy corrosion rats noted 
on the steel. 

5« Lung term testing (60-day tests) resulted in a pitting or 
crevice type of attack. This severe attack did not occur 
in tha short term testing due to the short test duration. 

It occurred in all long tarn tests with tha exception of 
the sodium chroaiate. 

6. Tha best inhibitor found in the long term testing (60-day 
tests) was sodium chromate. There was no crevice or pit» 
ting attack and tha overall corrosion rates was 0.12 any for 
aluadnun and 1.77 o^y for steel. 
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n, FITTURK STUDY AilEAS DUHII4G THE THIiU) YEAH OF TE3TIN;l 

The following areas will be studied during the third supplement 
of :1ASA jrant USa-d02$. 

1. Continue and expand the long term testing. 

2. Resurvey the inhibitor manufacturers to see if any new 
inhibitors have been developed since tiie original survey 

in 1975. 

3. Test any new inhibitors found in the new survey. 
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tfquipMnt Liat (tiqulpaant nuabara corraapond to nuabara on taat 
ajataa acbaaatie.) 

Itaa 

Sourea 

I. 

Rarra Nattaring Puig> 
Hatal'laaa conatruction 
Modal 210-5 

March Mfg. Co. 

1819 Piokwlda Awa. 
Qlanriaw, 111. 60025 

2. Cartrldga Haatar 

3/d iiicn 6 d X 12 inch langth 
120 .Tolta - 600 watta 
Tjpa A laada 
Stalnlaaa Staal Shaft 

Paal Haal Mfg. Co. 
3333 North Knox Ara. 
Chicago, 111. 606U1 

3. Glaaa Jackal 

cr-iEro-A' ' 

Llabig Condanaar Jackal 
250aai langlb 

Lab Olaaa, Inc. 
North Waal Bird. 
Vinaland, NJ O 836 O 

U. Nul and Waahar 

LSllTOTX 

Lab Olaaa, Inc. 

5. Heal Tranafar Tuba 

Saamlaaa Aluxinua Tubing 
(1100 Sariaa) 

.500 inch OD t .00$ 

.380 inch ID t .003 - .000 

Alcoa 

6. Baain 

it lilar glaaa baakar 

Lab Olaaa, Inc. 

7. Top 

Plaxiglaaa lop lo fit inaida 
baakar and raal on atop nada of 
hardanad allicon aaalanl 
ID of baakar - .2 inch 


8. Taal Tuba 

Lab Olaaa, Inc. 

9. Tharnonalar 

Lab Olaaa, Inc. 

10. Elaclrlcal Switch 


11. Variac To Carlridga Haatar 

Lab Olaaa, Inc. 


12. Co££«rJ|firi£2 


U. S<«1nt 


I 



Lit. 3f I Coupon 

15. t«e To Hot Plaf L«b 01a«a» Inc. 

16. Hot Plata 
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